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Abstract
B-lymphocyte migration, directed by chemokine gradients, is essential for homing to sites of 
antigen presentation. B cells move rapidly, exhibiting amoeboid morphology like other leukocytes, 
yet quantitative studies addressing B-cell migration are currently lacking relative to neutrophils, 
macrophages, and T cells. Here, we used total internal reflection fluorescence (TIRF) microscopy 
to characterize the changes in shape (morphodynamics) of primary, murine B cells as they 
migrated on surfaces with adsorbed chemokine, CXCL13, and the adhesive ligand, ICAM-1. B 
cells exhibited frequent, spontaneous dilation and shrinking events at the sides of the leading 
membrane edge, a phenomenon that was predictive of turning versus directional persistence. To 
characterize directed B-cell migration, a microfluidic device was implemented to generate 
gradients of adsorbed CXCL13 gradients. Haptotaxis assays revealed a modest yet consistently 
positive bias of the cell’s persistent random walk behavior towards CXCL13 gradients. 
Quantification of tactic fidelity showed that bias is optimized by steeper gradients without 
excessive midpoint density of adsorbed chemokine. Under these conditions, B-cell migration is 
more persistent when the direction of migration is better aligned with the gradient.
INTRODUCTION
In the adaptive process by which humoral immunity is achieved, antibody-producing B 
lymphocytes must first become activated through contact with cognate helper T cells. This 
process requires trafficking of T and B cells within secondary lymphoid tissues, where 
lymphocytes dynamically organize to form spatially defined germinal centers. B-lymphocyte 
homing and trafficking is directed by gradients of attractants known as chemokines (1–3). In 
particular, the chemokine CXCL13 is important for directing B-cell entry into secondary 
lymphoid organs and the formation of germinal centers (4). Another chemokine, CXCL12, 
initially attracts naïve B cells to the so-called dark zone of the germinal center, where they 
proliferate and interact with follicular dendritic cells (FDCs); thereafter, the B cells lose 
expression of the CXCL12 receptor, CXCR4, and follow a gradient of CXCL13 to the light 
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zone of the germinal center, where somatic hypermutation takes place (4, 5). Within the 
germinal center, B-cell adhesion and migration are also mediated by the integrin LFA-1, 
which binds to ICAM-1 expressed by FDCs (6, 7). LFA-1 is converted to a high-affinity 
state in response to chemokine stimulation (8). Signaling pathways triggered by ligated 
chemokine receptors and integrins converge to activate WASP-family proteins, leading to F-
actin reorganization and cell polarization (9, 10). F-actin polymerization might, in turn, 
promote LFA-1 binding and activation (11). The morphological changes exhibited by 
chemokine-stimulated B cells have also been linked to antigen-dependent B-cell activation 
(12, 13).
The distribution of CXCL13 in vivo has been examined by antibody staining (14), 
suggesting a surface-bound distribution. It is known that CXC-family chemokines bind to 
glycosaminoglycans (GAGs), and therefore it is plausible that CXCL13 is largely 
immobilized in vivo (15, 16). Therefore, studying B-cell migration on adhesive surfaces 
coated with CXCL13 is valuable for understanding how B cells move in tissues (12, 17). 
While functional studies have implicated CXCL13-directed cell migration in B cell 
maturation (18), detailed characterization of B-cell migration and how it is biased by an 
immobilized chemokine gradient (haptotaxis) is lacking, in part because methods to 
characterize the morphologies and behaviors of individual cells have yet to be widely 
adopted. The use of microfluidic devices to generate gradients of soluble and immobilized 
factors has yielded insights into the directed migration of various cell types, including 
leukocytes (19–25) and fibroblasts (26, 27), suggesting a promising application in the 
characterization of B-cell migration.
Here, we address two quantitative aspects of B-cell migration. First, we used total internal 
reflection fluorescence (TIRF) microscopy to image the contact areas of randomly migrating 
B cells, and we analyzed how changes in cell shape (dilation and shrinking of the cell’s 
leading edge) are related to/predictive of the cell’s directional persistence/turning behavior. 
Second, we used microfluidic chambers to generate surfaces with gradients of immobilized 
CXCL13 along with uniformly adsorbed ICAM-1. Analysis of single-cell tracks revealed 
how haptotactic fidelity and directional persistence are affected by the properties of the 
CXCL13 gradient.
RESULTS
Migrating B cells exhibit cycles of dilation and shrinking of a broad leading edge
Changes in cell shape (morphodynamics) offer insight into mechanisms that affect the 
efficiency and directional persistence of cell movement (26, 28, 29). To study the 
morphodynamics of B-cell migration, a cohort of 30 primary B cells isolated from mouse 
spleens (13 independent experiments) were labeled and allowed to migrate on surfaces with 
uniform coatings of CXCL13 and ICAM-1. The cells’ areas of contact with the surface were 
imaged by total internal reflection fluorescence (TIRF) microscopy and analyzed. We found 
that mouse B-cell migration is characterized by a widely spread leading edge, which exhibits 
periods of dilation (red arrows) and shrinking (blue arrow) (Fig. 1A and Movie S1). 
Comparison of the cell contact area illuminated by TIRF and the projected area imaged by 
epi-fluorescence indicates that the rear of the cell, typically including the nuclear region, is 
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seldom adhered to the surface (Fig. S1 and Movie S2). This is consistent with the polarized 
morphology of randomly migrating B cells observed previously (12). Spatiotemporal maps 
of protrusion/retraction rates and the presence of morphological extensions (Fig. 1B) (28, 
30) reveal that the activities occurred most prominently at the two extrema of the leading 
edge contour (Fig. 1C). To visualize the attendant shape changes, we replotted the 
protrusion/retraction rates with a moving reference frame, i.e., with a stationary cell centroid 
(Fig. 1D). The map generated in this fashion reveals frequent waves of leading-edge dilation 
and shrinking, often as pairs of dilation-shrinking events (Fig. 1E). Their occurrence at the 
two ends of a persistent leading edge suggests that these events are indicative of turning/
steering of the cell and not a transient loss and re-establishment of polarity, which can be 
considered a separate process (31).
The balance of dilation and shrinking between the two sides of the cell determines the 
directionality of B-cell migration
To relate turning behavior to the observed dilation and shrinking events, we documented the 
fates of those events, depicted along with the path of the cell centroid as a graph. We noted 
1) whether the site is dilating or shrinking and 2) whether the event occurred on the left or 
the right side of the apparent migration axis; the length of each segment in the graph is 
proportional to the recorded lifetime of the event. The graph for a representative cell 
illustrates that noticeable changes in directionality tend to be associated with an imbalance 
between the dilation/shrinking activities on the two sides of the cell (Fig. 2A). The two pairs 
of black arrows in Fig. 2A show examples of prolonged dilation-shrinking pairs on the left 
side of the migration axis prior to counterclockwise cell turning.
To define the characteristics of B-cell migration more precisely, we developed a quantitative 
analysis. The waiting times between consecutive dilation or shrinking waves were 
determined from the morphodynamic maps, within time intervals of 0.25 min (which we 
considered the limit of resolution). The normalized waiting-time distributions (WTDs) of the 
dilation/shrinking events are presented as a histogram and compared to that of a Poisson 
process, i.e., an exponential distribution (Fig. 2B). The WTD for successive dilation/
shrinking events on opposite sides of the leading edge was found to be similar, suggesting 
that the dilation/shrinking of each side is spontaneous and uncorrelated with that of the other 
(Fig. 2B). We also note that dilation-shrinking pairs were observed 3 times as frequently as 
same-type pairs (636 vs. 210).
As all migrating cells tend to execute a persistent random walk in the absence of spatial 
cues, B cells exhibit distinct periods of straight movement vs. turning. Analysis of the 
durations of these two states revealed non-exponential distributions, suggesting that a change 
in migration behavior is not spontaneous but rather the outcome of multiple events (Fig. 2C). 
Accordingly, the average durations of straight (0.99 min) and turning periods (0.88 min) are 
much longer than the mean waiting time between dilation/shrinking events (0.20 min). 
Given that net protrusion/retraction of the two sides of the leading edge determines cell 
turning behavior, we postulated that dilation-shrinking pairs observed on the same side of 
the cell might be indicative of straight vs. turning migration states. We examined the 0.25 
min interval just before each straight or turning period and recorded the accumulated 
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lifetime of the dilation-shrinking pairs on the left minus that on the right side of the cell 
within this window. The normalized distributions of this quantity (excluding periods with no 
dilation-shrinking pair present), for the left-turning (counterclockwise) periods, right-turning 
(clockwise) periods, and straight periods indicate that an imbalance of dilation-shrinking is 
predictive of the initiation of cell turning (Fig. 2D). Dilation-shrinking pairs on the left side 
of the migration axis predict counterclockwise turning and vice-versa, whereas balanced 
pairs predict a transition from turning to straight movement.
B cells execute biased random walks on surface-immobilized CXCL13 gradients
Having elucidated the nature of random B-cell motility at the level of leading-edge adhesive 
dynamics, we sought to study the fidelity of primary B-cell migration biased by a gradient of 
surface-immobilized chemokine. CXCL13 gradients were established by physisorption on 
glass, using a microfluidic device as described previously (26, 32). To account for the 
variability of this process, antibody labeling was used to quantify the relative CXCL13 
gradient after each experiment (Fig. 3A&B). TIRF imaging confirmed that the morphologies 
of B cells migrating on a chemokine gradient are qualitatively similar to those of randomly 
migrating cells (Movie S3). B-cell migration was subtly affected by this directional cue, with 
some cells moving predominantly up-gradient while others moved without apparent bias 
(Fig. 3C). To quantify the directional responses for the population of cells tracked in each 
experiment, we plot as a polar histogram the angles of the cells’ movement vectors relative 
to the gradient. The result shows a modest yet significant bias, as indicated by the positive 
95% confidence interval of the forward migration index (FMI), which is also commonly 
referred to as the chemotactic index (Fig. 3D, gray). As a random migration control 
performed for most experiments, we also recorded B cells migrating on the uniform 
CXCL13-coated surface in the source chamber. The same FMI analysis of randomly 
migrating cells showed no significant directional bias (Fig. 3D, red).
The tactic coefficient of directed B-cell migration is a decreasing function of chemokine 
density
To assess the reproducibility of B-cell taxis and its dependence on the properties of the 
CXCL-13 gradient (steepness, midpoint density), the experiment described in the previous 
section was repeated 65 times with different gradients. The average FMI values are 
predominantly positive, indicating that B cell migration is biased by the CXCL13 gradient, 
whereas analysis of the cells migrating on uniform CXCL13 in the source chamber (n = 63, 
total number of cells = 493) yielded a mean FMI that is indistinguishable from zero; 
however, the average FMI values do not correlate well with absolute gradient steepness (Fig. 
4A). We reasoned that the tactic fidelity also depends on the midpoint density of chemokine 
(measured in relative terms as intensity units, IU, based on the antibody staining). 
Accordingly, we found that the gradients with the greatest steepness values also had the 
highest midpoint intensities, which might explain the lower FMI values in those 
experiments; considering only those gradients with midpoint intensities below 35 IU (40% 
of the data), a reasonably positive correlation between FMI and gradient steepness (R = 
0.43) was recovered (Fig. 4A, solid line). The distribution of FMI values suggests that 
CXCL13 gradients with moderate steepness (i.e., without excessive chemokine density) are 
optimal. We then set gradient steepness cut-offs to group the experiments into nearly equal-
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sized shallow (n = 20, total cell number = 222), moderate (n = 24, total number of cells = 
268), and steep (n = 21, total number of cells = 259) subsets. Consistent with our previous 
observation, the mean FMI values of the shallow, moderate, and steep gradient groups are all 
significantly positive and higher than the random migration control group, indicating biased 
migration elicited by the chemokine gradients (Fig. 4B). To further analyze how properties 
of the gradient affect tactic fidelity, we tested mathematical models quantifying directed 
migration responses. To parse the competing effects of gradient steepness and midpoint 
density of CXCL13, we invoke the definition of the tactic coefficient, χ, which relates the 
directed migration response to the gradient steepness (33). For each experiment, χ is 
calculated as the adjusted mean FMI value (with an offset constant of 0.0335 added based on 
the line fit shown in Fig. 4A, which has a y-intercept of −0.0335) divided by the gradient 
steepness (Fig. 4C). We explored three models of how χ varies with chemokine density, C: 
1) absolute sensing based on receptor occupancy, with saturation of the ligand-receptor 
interaction (22, 24, 34), 2) relative sensing, in which the response depends on the fractional 
difference in chemokine density across the cell (35), and 3) mixed sensing, in which both 
absolute and relative sensing contribute to overall fidelity (Fig. 4C). For the experiments 
with mean FMI values above the 95% confidence interval for random migration the (n = 56), 
all three of the phenomenological models fit the dependence of χ on C reasonably well (Fig. 
4D), with similar sums of squared deviations (Model 1: 9.22; Model 2: 9.21; Model 3: 8.88); 
although Model 3 yielded the best fit, it requires 2 fitting parameters compared with 1 for 
Model 2. In the absolute sensing with saturation model (Model 1), the estimated difference 
in receptor occupancy across a typical cell body length (10 μm) is on the order of 1% of the 
cell surface receptors (Supplemental Fig. S2A). Considering instead the relative sensing 
model (Model 2), the relative difference in chemokine density (corresponding to receptor 
occupancy if there were negligible saturation) is in the range of 1.5–5.5% (Fig. S2B). Based 
on this analysis, we conclude that there are multiple interpretations that plausibly explain the 
dependence of B-cell tactic fidelity on CXCL13 density.
Optimal CXCL13 gradients bias the directional persistence of B-cell migration
The analysis described in the previous section suggests that moderately steep CXCL13 
gradients tend to elicit stronger haptotactic responses. We tested this further by analyzing the 
directional persistence of cells in relation to their orientation with the gradient. To ensure 
unbiased analysis of directional persistence, we excluded cell tracks shorter than 3 minutes. 
To assess the extent to which the initial movement direction affects persistence, we further 
grouped the individual cell tracks based on the average direction of movement during the 
first 30 seconds. The corresponding normalized distributions of angular movement direction 
at each time point are shown as heat maps. The results suggest that B cells tend to maintain 
their direction of migration regardless of their initial orientation, though the persistence of 
up-gradient movement is stronger for cells in the shallow and moderate gradient subsets 
(Fig. 5A, D, G). To quantify this tendency, we calculated the autocorrelation coefficient of 
the cell movement vector for each time interval, as a function of increasing duration, and we 
binned the values by the direction of cell movement at the start of the interval. We reasoned 
that a bias in persistence would manifest as a slower decay of the autocorrelation coefficient 
with time. As expected, the moderate gradient subset yielded a slower decay of the 
autocorrelation coefficient for migration vectors that are better aligned with the gradient, 
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indicating a bias in directionality (Fig. 5E&F). The trend is less prominent for the cells 
migrating on shallow gradients (Fig. 5B&C) or on steep gradients with high midpoint 
density of CXCL13 (Fig. 5H&I).
DISCUSSION
Despite the broadly appreciated significance of B-lymphocyte migration in the actuation of 
adaptive immunity and the role of the CXC-family chemokines in directing B-cell 
trafficking, quantitative studies focusing on details of how B cells move and respond to 
chemokine gradients have lagged. B cells migrating on CXCL13 and ICAM-1 showed the 
characteristic amoeboid morphology and fast movement (average translocation speed ≈ 14 
μm/min), consistent with previous studies (10, 12); however, the dilation/shrinking dynamics 
reported here is a new insight revealed using TIRF microscopy. This is distinct from the 
leading-edge dynamics reported for other fast-moving amoeboid cells, such as 
Dictyostelium discoideum and T lymphocytes (29, 36–38). Our analysis showed 
independent dilation/shrinking waves on the two sides of the cell front. Our conclusion is 
that the balance between dilation/shrinking at the edges determines cell migration 
directionality, which stands in contrast to the bifurcation of protrusions that characterizes 
migration of primary T lymphocytes on CXCL12/ICAM-1 (29); the leading edge dynamics 
in B cells is more reminiscent of the instabilities associated with turning of fish keratocytes 
(39).
Since the murine T and B lymphocyte populations we have studied were isolated from the 
same source, it would be interesting to elucidate the reasons for this dichotomy of 
phenotype. One possibility is that there are unique signaling pathways at play, such as those 
mediated by interleukin-2-inducible T-cell kinase in T cells (40, 41) and by Bruton’s 
tyrosine kinase in B cells (42). The need to activate the B cells ex vivo certainly introduces 
major differences in cell physiology, as BCR signaling probably interacts with both the 
chemokine and LFA-1 signaling networks through activation of protein kinases such as Syk 
and ZAP70 (43).
Quantification of B-cell haptotaxis revealed diverse responses, with a substantial number of 
B cells that were apparently insensitive to the chemokine gradient. Although some of this 
variability was attributed to differences in gradient steepness, heterogeneity in the cell 
population is likely another cause. Indeed, a mixed population of different B-cell subtypes is 
to be expected. Flow cytometry results (Fig. S3) confirmed the variable expression of 
CXCR5, consistent with the different types of B cells found in spleen (1, 44, 45). Another 
intriguing consideration is that higher chemokine doses can elicit chemorepulsion rather 
than chemotaxis of individual B cells (46). Such chemorepulsive responses have also been 
reported for neutrophils and T cells (47–49). Evidence suggests that cell-cell interactions 
might promote collective chemotaxis of B cells in a chemokine gradient (46).
Although we did not find any evidence of chemorepulsion on our gradients, we observed 
that tactic fidelity was reduced for gradients with higher midpoint density of chemokine. 
Two opposing explanations for this dependence were found to be equally plausible. On the 
one hand, gradient sensing might depend on the absolute difference in receptor occupancy 
Liu et al. Page 6





















across the cell, which is saturable. With saturation of receptor binding at high chemokine 
density, steeper gradients can yield shallower gradients in receptor ligation, as assumed in 
previous analyses of leukocyte gradient sensing (22, 24, 34). In the context of this model, we 
estimate that the absolute difference in occupancy is ~ 1% of the total cell-surface density of 
receptor. Alternatively, gradient sensing might depend on the relative difference or ratio of 
receptor occupancy across the cell, consistent with adaptation of the signaling circuit as 
proposed for other chemotactic cells (35, 50, 51). In the context of this alternative model, in 
which receptor saturation does not need to be invoked to explain the data, B-cell taxis is 
sensitive to relative gradients in the range of 2–5% across the cell.
The modest bias of persistent but otherwise random walk behavior might reflect a beneficial 
search strategy employed by B cells in secondary lymphoid tissues (52, 53). Conceptual and 
theoretical models of the search strategies employed by lymphocytes in vivo have been 
widely considered (54–57). A central concept is the balance between persistent migration 
and local ‘diffusive’ search (58). It is generally accepted that purely Brownian movement is 
suboptimal. Periods of high persistence (i.e. Lévy walks or a two-state model) improves the 
efficacy of the search, and chemokines provide a spatial cue that biases the cell movement 
towards the target (56, 58, 59). However, if the bias were too strong, erroneous decisions due 
to noisy sensing (60) might prove costly, while more random migration would allow B cells 
to prioritize among multiple sources of attraction, as expected in vivo.
MATERIALS AND METHODS
Isolation, activation, and culture of primary B cells
Mostly naïve B lymphocytes were isolated from C57BL/6 mouse spleens, kindly provided 
by the laboratory of Garnett Kelsoe (Duke University Medical Center). Mouse spleens were 
cut in halves and ground with frost slides in culture medium. The cell mixture was filtered 
through a 130 μm mesh, and B cells were isolated following the standard protocol of the 
Dynabeads® Mouse CD43 (Untouched™ B Cells) kit (Invitrogen). In brief, the cell mixture 
was resuspended to 5×107 cells/ml and mixed with 125 μl pre-washed Dynabeads for every 
1 ml of the mixture. The cells and beads were incubated at room temperature with gentle 
tilting and rotation for 20 minutes prior to magnetic selection. The unbound B cells in the 
supernatant were collected and resuspended in B-cell culture medium [RPMI1640 
supplemented with 25 mM HEPES, 10% fetal bovine serum, 1% sodium pyruvate, 1% non-
essential amino acids, 0.1% 2-Mercaptoethanol, and 1% penicillin/streptomycin, all from 
Invitrogen] at 2×106 cells/ml. B cells were then transferred to a 12-well cell culture plate, 
activated by stimulation with 20 μg/ml anti-mouse IgM (Jackson ImmunoResearch) and 2 
μg/ml anti-CD40 (BD Biosciences) for B-cell activation, and maintained at 37°C, 5% CO2 
without changing the medium. The activation step is necessary for optimizing B-cell 
mobility as shown previously (61). The cells were collected for tests 24 h, 48 h, and 72 h 
after isolation.
TIRF microscopy
Glass-bottom dishes (MatTek) were coated first with 10 μg/ml Protein A (Invitrogen) and 5 
μg/ml recombinant mouse CXCL13/BLC/BCA-1 (R&D Systems) in PBS at room 
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temperature for 2 h. The surfaces were washed once with 10 mg/ml bovine serum albumin 
(BSA, fatty-acid free, Sigma) in PBS. Then, 10 μg/ml mouse ICAM-1/CD54 Fc chimera 
(R&D Systems) was added and incubated at room temperature for 2 h. The surfaces were 
washed once and blocked with 10 mg/ml BSA in PBS at 4°C overnight. The surfaces were 
washed with warm migration medium (phenol red-free RPMI1640, 10 mg/ml BSA) before 
adding cells. B cells were labeled with Vybrant® DiO (Invitrogen), following the 
manufacturer’s protocol. In brief, B cells were resuspended in warm migration medium at 
106 cells/ml and mixed with DiO solution in the ratio of 5 μl DiO to 1 ml cell solution. The 
cells were incubated at 37°C for 2 minutes, pelleted, and resuspended in migration medium. 
The cells rested for 10 minutes at 37°C prior to seeding. Approximately 2.5×105 cells were 
seeded onto the migration surface and allowed to adhere for 5 minutes at 37°C. The cells 
were imaged using a prism-based total internal reflection fluorescence (TIRF) microscope 
(62, 63) at 37°C in a humidified chamber. Images were acquired at a rate of 20 frames/min 
with a 40X, 0.8 NA Achroplan water-dipping objective (Carl Zeiss), ORCA-ER cooled 
charge-coupled device (Hamamatsu Photonics), and MetaMorph software (Universal 
Imaging).
Haptotaxis assay
The microfluidic device master plate, using a design described previously (26, 32), was 
fabricated on silicon by UV crosslinking of SU-8 substrate (MicroChem). A mixture of 
Polydimethylsiloxane (PDMS) substrate and crosslinking agent (Sylgard® 184 Silicone 
Elastomer Kit, Dow Corning; mixed at a ratio of 10:1) is poured onto the master plate and 
cured at 95°C for 1 h. The PDMS devices are detached, cut out, and cleaned, and the outlet 
channels are punched using flat-tip needles. The device and a glass-bottom dish is plasma-
treated and attached together to make the chamber. To establish chemokine gradients, a 
solution of 1, 5, or 10 μg/ml CXCL13 in PBS, supplemented with 1:1000 Texas Red®-
dextran, 10,000 MW (Invitrogen) to visualize the gradient during the process, was injected 
into the source chamber and incubated for 15 min at 37°C. The chambers were flushed with 
PBS, then 10 μg/ml Protein A in PBS was added into all chambers and incubated for 15 min 
at 37°C. The chambers were flushed with PBS again, followed by the incubation with 10 
μg/ml mouse ICAM-1 in PBS for 45 min at 37°C. Approximately 5×105 B cells were 
resuspended in 100 μl pre-warmed migration medium (RPMI1640 supplemented with 10 
mg/ml BSA). The chambers were flushed with warm migration medium, and finally the cell 
suspension was injected into the chambers. 4 ml migration medium was added into the 
glass-bottom dish, immersing the device. The cells were allowed to adhere at 37°C for 5min. 
The dish was imaged under bright field illumination at 37°C in a humidified chamber. 
Images were acquired at a rate of 6 frames/min as described in the previous section.
Quantification of chemokine gradients
After each experiment, the device was washed once with PBS. The surface was then 
incubated with biotinylated anti-mCXCL13/BLC/BCA-1 antibody (R&D Systems), diluted 
1:200 in PBS at 37°C for 30 min. The chamber was washed with PBS and then incubated in 
streptavidin-Alexa Fluor® 488 conjugate (Life Technologies), diluted 1:200 in PBS at 37°C 
for 30 min. The chambers were washed twice with PBS before imaging. The images were 
acquired using an Axio Observer Z1 microscope with 10X, 0.3 NA Achroplan objective 
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(Carl Zeiss). The same acquisition settings were used for all experiments. Image analysis 
was performed using ImageJ. The background-subtracted fluorescence was measured, and 
the linear portion of the fluorescence profile was fit to a line. The slope of the line and its 
midpoint intensity, taken as the predicted intensity located 300 μm from the cell chamber 
border on the source end, were determined.
Computational image analysis
Morphodynamic analyses were performed using MATLAB software (MathWorks). Codes 
for identification and spatiotemporal mapping of protruded/retracted areas and extended 
morphological structures were described previously (28). The dilation/shrinking maps were 
constructed by computationally shifting and overlapping the cell centroids for each frame. 
For all morphometric maps, the angular position of each protruded/retracted pixel was 
binned (rounded to the nearest whole angle in degrees, relative to the vector pointed from the 
cell centroid in the negative x-direction). Protrusion/retraction velocity was calculated as the 
net change in the number of protruded/retracted pixels along the indicated angle (multiplied 
by the pixel size, 0.25 μm), divided by the time interval. For analysis of haptotaxis, cell 
centroid tracks were obtained using the Manual Tracking Plugin in ImageJ. The forward 
migration index (FMI), often referred to as the chemotactic index, is calculated for each 
centroid track; it is defined as the overall translocation of the centroid in the direction of the 
gradient divided by the total path length. Defined mathematically, if the segments of the 
centroid path were expressed as an array of vectors V (which could be cast as velocities, 
since the centroid position was measured at equal time intervals), with the x-direction 
oriented up-gradient, FMI would be calculated as follows.
The summations are over all segments in the track.
Waiting-time distributions
The waiting time and lifetime of each phenotypic event were manually documented with a 
temporal resolution of 0.25 minute. To compare the waiting time distribution to that of a 
Poisson process, comparison to an exponential distribution was performed as previously 
described (29). All fits were obtained using the curve fitting toolbox of MATLAB.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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In the adaptive immune response to an infection, cognate B cells are activated and 
produce antibodies to eradicate the pathogen and provide immunological memory. 
Central to this process is the directed migration, or homing, of B cells within secondary 
lymphoid organs, where intercellular signaling occurs. The chemokine CXCL13 is 
secreted and deposited in those tissues to attract B cells. In this paper, we combine 
microscopy, computational image analysis, and microfluidics to study migration of 
primary B cells and how that process is biased by CXCL13 gradients. The integration of 
these methods offers insights regarding the mechanics and relevant timescales of B-cell 
crawling and the conditions that yield optimal bias of B-cell migration. Finally, we 
speculate on the balance of biased versus random migration as a search strategy for B 
cells in vivo.
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Fig. 1. Morphodynamics of B-lymphocyte migration
a) Representative TIRF montage of a murine B cell executing a turn (inverted grayscale). 
Red arrows indicate dilations and blue arrows indicate shrinking events at the leading edge. 
b) Stacked outlines of a representative B cell. Warmer colors indicate later times, and green 
dots indicate the cell centroid position. c) Top panel: illustration of protruded (red) and 
retracted (blue) pixels; bottom panel: representative protrusion/retraction map of a migrating 
B cell. Pixels associated with structures that are morphologically extended from the cell 
body are marked as black dots overlaid with protrusion/retraction velocity data as shown in 
the color map. The direction of cell centroid translocation (green dots) is also shown. d) 
Stacked cell outlines of the same sequence in b) with a moving reference. e) Top panel: 
illustration of dilated (red) and shrunk (blue) pixels; bottom panel: dilation/shrinking map of 
the same sequence depicted in c, constructed as in c except without the morphological 
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extension data. The black boxes indicate two representative dilation-shrinking pairs. All 
scale bars = 10 μm.
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Fig. 2. Linking morphodynamics to directional persistence of B-lymphocyte migration
a) For the representative sequence depicted in Fig. 1b–e, dilation (red) and shrinking (blue) 
events are marked as segments on the cell centroid track (green) indicating whether the event 
occurred on the left or right of the migration axis. The length of each segment is 
proportional to the recorded lifetime of the event. The pairs of black arrows show examples 
of prolonged dilation-shrinking pairs prior to cell turning. b) Normalized waiting-time 
distributions (WTDs) for pairs of all consecutive dilation/shrinking events (n = 846) and 
pairs following a dilation/shrinking event on the opposite side (n = 428). The red and blue 
symbols are the corresponding best-fit values assuming an exponential distribution. c) 
Normalized distributions for the durations of straight (n = 72) and turning (n = 114) periods. 
d) Normalized distributions of the aggregate lifetimes of dilation-shrinking pairs on the left 
side minus that on the right side that were initiated during the 0.25 min window before left 
turning (n = 53), right turning (n = 44), and straight (n = 67) periods.
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Fig. 3. Quantifying the haptotactic bias of B-lymphocyte migration on CXCL13 gradients
a) Surface-bound CXCL13 gradient labeled with fluorescent antibodies and b) quantification 
of the gradient profile. Linear regression of fluorescence intensity as a function of position is 
shown in red. Scale bar = 100 μm. c) Centroid tracks of the cells migrating on the surface 
shown in a. Each circle symbol marks the start, and the corresponding square symbol marks 
the end of the centroid track. Green arrows indicate representative cells migrating towards 
higher CXCL13 concentration; red arrows indicate representative cells migrating without 
apparent bias. The CXCL13 gradient increases from right to left. Scale bar: 10μm. d) Wind 
rose plot showing the angular histogram (of time intervals with the particular direction of 
migration relative to the gradient) for the migrating cells in b (gray bars), overlaid with that 
of the corresponding random migration control (red bars). Zero degrees corresponds to 
perfectly alignment with the gradient. The mean forward migration index (FMI) and 95% 
confidence interval are given.
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Fig. 4. Dependence of B-cell tactic bias on CXCL13 gradient steepness and midpoint surface 
density
a) Mean FMI values versus gradient slope for all haptotaxis experiments (n = 65, total 
number of cells = 749). The corresponding midpoint intensities are indicated by the color 
map. The trend line is the best linear fit to the data for gradients with midpoint intensities 
below 35 IU. The shaded area is the 95% confidence interval for the random migration 
control experiments (n = 63, total number of cells = 493). Sh.: shallow (n = 20, total number 
of cells = 222); M.: moderate (n = 24, total number of cells = 268); S.: steep (n = 21, total 
number of cells = 259). b) Mean of the mean FMI values for each data subset: random 
control (Ctrl), shallow gradient (Sh.), moderate gradient (M), and steep gradient (S.). Error 
bars: 95% confidence intervals. c) Specification of 3 different gradient sensing models. d) 
Apparent chemotactic coefficient plotted versus the gradient midpoint intensity for each 
experiment (see text for details).
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Fig. 5. Optimal CXCL13 gradients foster a bias in directional persistence
a) Normalized distribution of the centroid movement angles at each time point relative to the 
beginning of the track for cells that initiated migration away from (top, n = 129) and towards 
(bottom, n = 79) the gradient, including cells from the shallow gradient subset with tracks 
longer than 3 min. b) Mean autocorrelation coefficient of track segments binned by the angle 
of movement at the start of the segment and by the time interval. The bin size is 45°. c) 
Autocorrelation coefficient as a function of time interval for the indicated angle bins from b 
(mean ± 95% confidence interval). d–f) Same as a–c except for the moderate gradient group: 
n = 147 cells initially moving away from the gradient, n = 102 towards. g–i) Same as a–c 
except for the steep gradient group: n = 155 cells initially moving away from the gradient, n 
= 83 towards.
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